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PERSISTENCY OF ORGANIC CONTAMINANTS I N  GROUNDWATER, LESSONS FROM SOIL POLLUTION 

INCIDENTS I N  THE NETHERLANDS 

B . C . J .  ZOETEMAN, E. DE GREEF and F . J . J .  BRINKMA" 

Na t iona l  I n s t i t u t e  f o r  Water Supply ,  Voorburg, The Nether lands  

ABSTRACT 

Based on an  i n v e n t o r y  of the p resence  of ha logena ted  subs t ances  i n  raw wa te r  

o f  232  groundwater pumping s t a t i o n s  and on t h e  s t u d y  o f  a number o f  so i l  p o l l u t i o n  

i n c i d e n t s  i n  The Nether lands  a compi l a t ion  o f  m o r e  than  100 o r g a n i c  subs t ances  

i d e n t i f i e d  i n  contaminated  groundwater i s  d i s c u s s e d .  Subsequent ly  t h e  reason  why 

a number of t h e s e  subs t ances  a r e  ve ry  p e r s i s t e n t  under t h e  c i rcumstances  p r e v a i l i n g  

i n  t h e  s o i l  i s  ana lysed .  Water s o l u b i l i t y  i s  shown t o  be  a major parameter  d e t e r -  

mining t h e  occur rence  i n  groundwater o f  f r e q u e n t l y  used chemica ls  and c o n t r o l l i n g  

t o  a l a r g e  ex tend  t h e  p e r s i s t e n c e  i n  groundwater of non-degradable o r g a n i c  chemica ls .  

A l i s t  of 1 2  p o l l u t a n t s ,  mainly hydrocarbons and c h l o r i n a t e d  hydrocarbons ,  which 

a r e  o f  a major concern due t o  t h e i r  widespread  u s e ,  t r a n s p o r t a b i l i t y  and pe r s i s t ence ,  

observed  i n  groundwater i n  The Nether lands .  

INTRODUCTION 

up till a few y e a r s  ago groundwater h a s  been regarded  i n  The Nether lands  as 

a w a t e r  sou rce  o f  o u t s t a n d i n g  r e l i a b i l i t y  a s  f a r  a s  wa te r  q u a l i t y  i s  concerned. 

I t  w a s  g e n e r a l l y  cons ide red  t o  be s a f e ,  p a r t i c u l a r l y  from a m i c r o b i o l o g i c a l  and 

t o x i c o l o g i c a l  p o i n t  o f  view. Recent ly  however, much has  changed. The f i r s t  s i g n s  

0s d e t e r i o r a t i o n  o f  groundwater q u a l i t y  were n o t i c e a b l e  many y e a r s  b e f o r e .  

For i n s t a n c e  i n  The Nether lands  i n  c e r t a i n  p a r t s  of t he  c e n t r a l  Veluwe a r e a  

where a dec rease  i n  d i s s o l v e d  oxygen c o n t e n t  occur red  from 8 mg/l till 4 mq/1 

i n  t h e  p e r i o d  1955 - 1965 (Zoeteman, 1 '375),  which was due t o  i n t e n s i f i e d  a g r i -  

c u l t u r a l  and b i o - i n d u s t r i a l  a c t i v i t i e s .  World wide s i m i l a r  examples of a r a p i d  

i n c r e a s e  of e . g .  t h e  n i t r a t e  con ten t  o f  groundwaters have been r epor t ed  e . g .  

i n  United Kingdom and I s r a e l  which could  u l t i m a t e l y  r e s u l t  i n  l o c a l  condemnation 

of t h i s  sou rce  f o r  t he  p roduc t ion  o f  d r i n k i n g  wa te r .  Another example i s  a 

d e t a i l e d  s t u d y  by Van d e r  Ende (19801 of some w e l l s  of  t h e  groundwater pumpinq 

Reprinted from The Science of the Total Enuironment, 21 (1981) 187-202 



s t a t i o n  Guttecoven located i n  an a g r i c u l t u r a l  a r e a  i n  The NetherlbnSs, which showed 

once again t h a t  drast ic-changes i n  sa l t  and n i t r a t e  content  have taken place during 

the  p a s t  decades (Figure 1.)  

However, nobody rea l ized  t h a t  many chemicals of  another nature  a l s o  had a f f e c t e d  

our precious groundwaters. 

Generally, those compounds detected i n  sur face  waters l i k e  de te rgents  and p e s t i c i d e s ,  

were undetectable i n  groundwaters. Biodegradation, hydrolysis  and adsorpt ion proces- 

ses were assumed t o  remove e f f e c t i v e l y  a l l  organic  substances introduced i n t o  t h e  

s o i l .  This hypothesis proved to  be wrong when a n a l y t i c a l  methods f o r  t h e  de tec t ion  of 

r e l a t i v e l y  v o l a t i l e  organics  became ava i lab le .  The acc identa l  discovery i n  1976 of 

t h e  presence of t r ich loroe thylene  i n  groundwater r e s u l t e d  i n  a sudden awareness of 

t h i s  s o i l  po l lu t ion  problem. Based on the de tec t ion  of t r ich loroe thylene  i n  dr inking 

water produced by two pumping s t a t i o n s  i n  t h e  province of Utrecht  (Soestduinen, Z e i s t )  

the  Inspector  f o r  Environmental Pro tec t ion  requested a na t iona l  survey of a l l  ground- 

water pumping s t a t i o n s  i n  The Netherlands. 

The r e s u l t s  of t h i s  survey w i l l  be discussed l a t e r  i n  more d e t a i l .  Only few sources 

appeared t o  be r e a l l y  contaminated, bu t  the  t h r e a t  of p o l l u t i o n  by i n d u s t r i a l  wastes 

seemed t o  be everywhere. Even the r a i n  had t o  be considered a s  a poss ib le  source of 

po l lu t ion .  A f u r t h e r  damage t o  t h e  'image of r e a l i b i l i t y '  of groundwater occurred the 

l a s t  two years. In 1980 the  presence of so lvents  l i k e  toluene and xlrlenes underneath 

the houses of 200 fami l ies  i n  the v i l l a g e  of Lekkerkerk r e a l l y  shocked t h e  publ ic  

opinion. 

The systematic  disposal  of thousands of  chemical waste conta iners  ind ica ted  the 

possible  wide-spread presence of s i m i l a r  or even more dangerous chemicals i n  t h e  

underground and the  p o t e n t i a l  r i s k s  of contamination of the  dr inking water i f  r e l a t i -  

vely permeable p l a s t i c  d i s t r i b u t i o n  pipes  were i n  contac t  with contaminated s o i l .  In 

Lekkerkerk the discovery of pene t ra t ion  of  lower a l k y l  aromatics through t h e  p l a s t i c  

pipes  necess i ta ted  an emergency supply of b o t t l e d  water. In 1980 severa l  o ther  cases 

of se r ious  s o i l  contamination were discovered such a s  Broek i n  Waterland where 8000 

drums with e.g. chlor inated benzenes were present .  Other examples a r e  t h e  de tec t ion  

of a number of drums with aromatic so lvents  i n  Oss and about 3000 drums with acid- tar  

i n  Nieuw-Beijerland (Haring e t  a l . ,  1980). I t  is expected t h a t  about 4000 waste d is -  

posal  sites e x i s t  i n  The Netherlands from which 800 need f u r t h e r  invest iqnt ion.  

J u s t  a few months ago another example of d i r e c t  contamination of the  dr inking water 

by s o i l  contamination was i d e n t i f i e d  i n  t h e  g l a s s  house regions i n  the  Westland where 

methylbromide, a fumigant appl ied f o r  s o i l  d i s i n f e c t i o n ,  was found t o  Denetrate 

through l o c a l  p l a c t i c  water d i s t r i b u t i o n  p ipes  i n t o  the  dr inking water (Van Duijven- 

booden e t  a l . ,  1981). This discovery resu l ted  i n  an immediate prohib i t ion  of t h e  use 

of methylbromide i n  those a reas  where water pipes  could be a f fec ted .  

Consideration of these cases  of po l lu t ion  of s o i l  and groundwater leads t o  the  

question whether there  is  a common f a c t o r  i n  a l l  problems. Which tyDe of substances 
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a r e  genera l ly  found t o  cause problems and why are those compounds a s  p e r s i s t e n t  i n  

the  s o i l  a s  i f  it were ch lor ide  ions?  Which lessons can be derived from t h e  pol lu t ion  

inc idents  i n  this country i n  order  t o  prevent  s i m i l a r  problems i n  t h e  fu ture?  

In  the  context  of t h i s  paper only organic  chemical substances have been considered. 

- 4 

Compound Frequency of de tec t ion  a t  l eve ls  above 0.01 pg/l 
( %  of t o t a l )  

Bromodichloromethane 1.5 
Dibromochloromethane 1.5 
T r  i bromome thane 1.5 
T r i  chlorome thane 60 
Tetrachloromethane 43  
1.1-Dichloroethene 3.5 
1.2-Dichloroethane 0.5 
1.1.1-Trichloroethane 17 
Trichloroethylene 6 7  
Tribromoethylene 0.5 
Te t rach  loroe thylene 19 

F i r s t l y  a t t e n t i o n  w i l l  be given t o  t h e  type and concentrat ion of organic substances 

which have been detected i n  t h e  na t iona l  survey of pumping s t a t i o n s  and i n  a number 

of case h i s t o r i e s .  Subsequently the  most f requent ly  occurrinq compounds a r e  considered 

i n  more d e t a i l  with respec t  t o  t h e  c h a r a c t e r i s t i c s  which apparent ly  determine t h e i r  

pers i s tency  i n  t h e  subsoi l .  

NATIONAL INVENTORY OF THE OCCURRENCE OF VOLATILE HALOGENATED COMPOUNDS I N  RAW WATER 

OF 232 GROUNDWATER PUMPING STATIONS 

In  the per iod 1976-1978 a l l  232  groundwater pumping s t a t i o n s  i n  The Netherlands 

were sampled by t h e  National I n s t i t u t e  f o r  Publ ic  Health and analysed f o r  the presence 

of lower halogenated hydrocarbons by the  National I n s t i t u t e  f o r  Water Supply. In  54 

out  of t h e  232 samples of  groundwater lower chloroalkanes and -alkenes were detected 

a t  l e v e l s  of 0.1 ug/l  o r  more. This outcome indica ted  the widespread presence of halo- 

genated compounds i n  s o i l  and groundwater. A more d e t a i l e d  oresentat ion of t h e  types 

of compounds de tec ted ,  and t h e i r  frequency of occurrence i s  given i n  Table 1. 
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pol lu t ion  (Hrubec, 1977) (Trouwborst, 1981) . Massive q u a n t i t i e s  of  v o l a t i l e  halogenated 

compounds a r e  re leased i n t o  the atmosphere which could t h e o r e t i c a l l y  r e s u l t  i n  con- 

cent ra t ions  of  e.g. t r ichloroethylene i n  ra inwater  of about 100 ug/l. I n  The Nether- 

lands however, l e v e l s  i n  ra inwater  of substances l i k e  chloroform and t r ichloroethylene 

general ly  a r e  not  above 1 pg/l (Brinkmann, Sl ingerland,  1981). On t h e  o t h e r  hand such 

low l e v e l s  can st i l l  explain the  widespread occurrence of these v o l a t i l e  chemicals a t  

concentrations of 0.01 - 0.1 ug/1 i n  the groundwater. Higher . levels  i n  groundwater 

were always found t o  be associated with l o c a l  waste dumping. 

COMPILATION OF COMPOUNDS DETECTED I N  CONTAMINATED GROUNDWATERS I N  THE NETHERLANDS 

In the preceeding paragraph a l imi ted  range of substances has  been described. These 

compounds a r e  involved i n  groundwater contamination i n  general  and i n  s p e c i f i c  cases  

of chemical waste dumps. A more general  c l a s s i f i c a t i o n  of the  type of inc idents  and 

the  kind of compounds involved i s  given below: 

- Waste dumps of chemical indus t ry  and o f p a i n t i n g a n d  p r i n t i n g  indus t ry  containing 

aromatic solvents  l i k e  toluene,  xylene, ethylbenzene and higher  alkylbenzenes. 

- Waste dumps of chemical industry,metal  p l a t i n g  indus t ry  and dry-cleaning e s t a b l i s h -  

ments containing lower halogenated so lvents  l i k e  t r ich lore thylene  and te t rachloro-  

e thylene.  

- Waste dumps of o i l  r e f i n e r i e s  with o i l  and p e t r o l  c o n s t i t u e n t s  and production 

residues.  

- Location of former gas works containing cyanides and aromatic hydrocarbons l i k e  

benzene and napthalene. 

- Waste dumps of p e s t i c i d e  manufactures and o t h e r  non-volatile halogenated compounds. 

Main examples a r e  Lekkerkerk (Brinkmann, 1981), Wierden (Van Esch, 1980), Afvalver- 

werking Rijnmond (Morra, Brinkmann, P i e t ,  1980), Vlaardingen (Morra, 1980) and U i t -  

hoorn (Morra e t  a l . ,  1981). The d a t a  co l lec ted  i n  the  study of these cases are inclu-  

ded i n  t h i s  compilation. Additional d a t a  e x i s t  i n  r e l a t i o n  t o  a d e t a i l e d  study of the 

presence of organic  chemicals i n  the neighbourhood of domestic waste t i p s  i n  Noordwijk 

(Morra c.s . ,  1979), ( P i e t  and Morra, 1980) and Delden (Morra and P i e t ,  1980) as w e l l  

as a case-study of groundwater contamination a t  Rhenen (Morra, 1978). 

Based on a l l  t h i s  information a compilation of compounds detected i n  contaminated 

groundwater i n  The Netherlands has been made. The r e s u l t  of t h i s  exerc ise  is given i n  

Appendix 1. 

I t  i s  important t o  note t h a t  some compounds have been found only once while o thers  

l i k e  alkylbenzenes and t r ich loroe thylenes  a r e  found frequent ly .  Camphor and fenchone 

. a r e  t y p i c a l l y  associated with domestic l a n d f i l l s .  

FACTORS DETERMINING THE PERSISTENCY OF ORGANIC SUBSTANCES I N  THE GROUNDWATER 

Water s o l u b i l i t y  and adsorpt ion behaviour 

Chemical contaminants should preferab ly  not  be introduced i n t o  the  s o i l  and should 
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once in t roduced  d i sappea r  from t h e  s o i l  groundwater system as soon as p o s s i b l e .  Where 

s o i l  p o l l u t i o n  i s  unavoidable it seems t o  be of  primary importance t h a t  substances a r e  

t r a n s p o r t e d  as l i t t l e  as p o s s i b l e  through t h e  s o i l .  In t h i s  case t h e  contaminat ion re- 

mains l o c a l  and local measures w i l l  b e  s u f f i c i e n t  t o  remove t h e  contaminat ion la ter .  

In t h e  case of s o l u a b l e p o l l u t a n t s  t h e  contaminat ion w i l l  be sp read  o v e r  a l a r g e  area. 

The l a t t e r  means t h a t  a t t e n t i o n  should p a r t i c u l a r l y  be given t o  t h e  t r a n s p o r t a b i l i t y  

o f  subs t ances  by movement of t h e  wa te r  phase.  Substances which can be e a s i l y  t r a n s -  

p o r t e d  and which remain p r e s e n t  i n  t h e  groundwater ove r  a long pe r iod  of  t i m e ,  should 

o b t a i n  a f i r s t  p r i o r i t y  i n  measures t o  remove them from contaminated sites o r  to p re -  

v e n t  t h e i r  i n t r o d u c t i o n  i n t o  t h e  s o i l .  

The re fo re ,  i n  t h e  c o n t e x t  o f  t h i s  pape r  t h e  concept  of p e r s i s t e n c y  is d i scussed  i n  

r e l a t i o n  t o  t h e  waterphase i n  t h e  s o i l  a lone and n o t  s o  much i n  r e l a t i o n  t o  t h e  com- 

bined s o l i d - l i q u i d  system. Water s o l u b i l i t y  o f  a compound i s  t h e  f i rs t  p r e r e q u i s i t e  

f o r  a subs t ance  t o  become a p o t e n t i a l l y  p e r s i s t e n t  and t r a n s p o r t a b l e  compound i n  

groundwater.  Moreover, water  i n s o l u b i l i t y  and t h e  tendency t o  adsorb on t h e  s o l i d  

phase of  s o i l  a r e  phenomena which have been shown t o  be c l o s e l y  r e l a t e d ,  p a r t i c u l a r l y  

i n  soi ls  with a high o r g a n i c  m a t t e r  c o n t e n t .  Th i s  r e l a t i o n s h i p  can be i l l u s t r a t e d  a s  

d i scussed  below. The F reund l i ch  i so the rm f o r  a s o l i d - l i q u i d  i n t e r f a c e  desc r ibed  t h e  

r e l a t i o n  between t h e  amount of  adsorbed subs t ance  and t h e  concen t r a t ion  of t h e  sub- 

s t a n c e  i n  t h e  e q u i l i b r i u m  s o l u t i o n  as fo l lows :  

C, = Ks .Cwn (1) 

C i s  t h e  e q u i l i b r i u m  concen t r a t ion  r e t a i n e d  on t h e  s o l i d  phase by adso rp t ion  and C 

i s  t h e  concen t r a t ion  of  t h e  compound d i s s o l v e d  i n  t h e  water. I n  t h i s  empi r i ca l  equa- 

t i o n ,  n is  a c o n s t a n t  which g e n e r a l l y  v a r i e s  between 0.7 and l and K may be reqarded 

as t h e  so i l -wa te r  p a r t i t i o n  c o e f f i c i e n t .  

W 

Recent ly  i s  h a s  been shown (Karickoff  e t  a l . ,  1978) t h a t  f o r  t h e  adso rp t ion  of a 

number of l i p o p h y l i c  compounds i n  s o i l  K 

c o e f f i c i e n t  (K 1 .  Values of  K f o r  a s i n g l e  chemical vary wi th  t h e  composition of  t h e  

so i l .  As t h e  o rgan ic  c o n t e n t  of  t h e  so i l  a f f e c t s  t h e  K v a l u e ,  K may be expressed a s :  

i s  r e l a t e d  t o  t h e  octanol-water  p a r t i o n  

o w  

Ks = a.K (2 )  sc 

i n  which a i s  t h e  f r a c t i o n  of o rgan ic  ma t t e r  i n  the  s o l i d  phase and K is  t h e  correc-  

t e d  ‘ s o r p t i o n  c o n s t a n t ‘ ,  which now is more a real c o n s t a n t  f o r  a s p e c i f i c  chemical.  

As s t a t e d  by Chiou (1977) and Mill (1980) t h e  water s o l u b i l i t y  ( S )  as w e l l  a s  K a r e  

c l o s e l y  r e l a t e d  t o  t h e  octanol-water  p a r t i t i o n  c o e f f i c i e n t  K which is  i l l u s t r a t e d  

by t h e  fo l lowing  equa t ions :  

sc 

sc 

ow’ 

log S = -n l o g  K + c 
ow 

and 

l o g  K = a l o g  K + b sc ow 
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According to  Smith and Bomberger (1980) equat ions (3) and (4) can be combined t o  the  

more prec ise  equation (5) : 

log  Ksc = -0.782 log  S - 0.27 (5) 

This equation expresses  the  sorp t ion  behaviour of a chemical i n  a soil-watersystem 

as a funct ion of i t s  ( i n ) s o l u b i l i t y  i n  water. 

V o l a t i l i t y  

I t  i s  of ten  not r e a l i z e d  t h a t  the  v o l a t i l i t y  of  a substance does not  a f f e c t  i ts 

concentrat ion anymore once a substance has  reached the  groundwater t a b l e .  This  confu- 

s ion  has lead  to  'remarkable' p red ic t ions  on t h e  d i s t r i b u t i o n  of chemicals i n  t h e  

var ious compartments of  the ecosystem which presume evaporation t o  take p lace  even 

from the groundwater. An example i n  t h i s  respec t  gives  Table 2 ,  taken from Brock 

Neely (1980) who p r e d i c t s  t h e  d i s t r i b u t i o n  of substances based on a model which neg- 

lects t h e  groundwater phase. 

Table 2 

Estimated d i s t r i b u t i o n  of  chemicals i n  var ious compartments of  a simulated ecosystem 

(Brock Neely, 1980) 

Chemical Vapour Water Water Soi 1 Air 
Pressure S o l u b i l i t y  ( % )  ( % )  ( % )  
(mM Hg) (l.lg/l) 

Toluene 

Tetrachloroethylene 

p-Dichlorobenzene 

Trichlorobenzene 

Biphenyl 

Pentachlorobiphenyl 

Hexachlorobenzene 

DDT 

30 

14 

1 

0.5 

9 . 7 ~ 1  0-3 

7. ~ x I O - ~  

1 . 0 ~ 1 0 - ~  

5 

5 

4 

4 

3 

4 . 7 ~ 1 0  

1 . 5 ~ 1 0  

7 . 9 ~ 1 0  

3 . 0 ~ 1 0  

7 . 5 ~ 1 0  

10 

35 

1.2 

0 99 

0 99 

0.3 98.7 

4 95 

9 89 

33 66 

31 67 

47 50 

It is  obvious thht this s i m p l i f i c a t i o n  s t rongly  overestimated the e f f e c t  of the  high 

va-pour pressure of chemicals on their pers i s tence  i n  t h e  s o i l .  Is it not s t r i k i n g  t h a t  

espec ia l ly  chemicals ind ica ted  t o  be mainly a i r  contaminants are found t o  be the  ma- 

j o r  groundwater contaminants i n  t h i s  country and probably a l s o  elsewhere. Therefore 

v o l a t i l i t y  Seems not  t o  be a major f a c t o r  determining t h e  pers i s tency  of chemicals 

i n  groundwater. 

Degradability 

In  sur face  water c h e d c a l s  a r e  transformed by diodegradation, chemical oxidat ion 

and photolysis .  In groundwater l i g h t  does not pene t ra te ,  t h e  pH i s  r a t h e r  constant  

and the oxygen content  i s  genera l ly  depleted.  Based on these  c h a r a c t e r i s t i c s  of the  
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s o i l  environment subs t ances  n o t  c o n t a i n i n g  oxygen and wi th  a l o w  h y d r o l y s i s  cons t an t  

w i l l  have the g r e a t e s t  chance of s u r v i v a l .  Hydrocarbons and halogenated hydrocarbons 

are,  t h e r e f o r e ,  more l i k e l y  t o  be p e r s i s t e n t  i n  groundwater than a l c o h o l s ,  e t h e r s  and 

esters. Oxygenated compounds which do n o t  fo l low t h i s  hypo thes i s  g e n e r a l l y  are a l k y l -  

s u b s t i t u t e d  or t h e s e  do c o n t a i n  halogen atoms i n  the molecule which r e s u l t s  i n  a much 

lower d e g r a d a b i l i t y .  Examples of r e l a t i v e l y  p e r s i s t e n t  compounds con ta in ing  oxygen, 

which were found i n  groundwaters ,  are 1.1-dimethoxyisobutane and b i s  (2-chloro-iso- 

p ropy l )  e t h e r  (Zoeteman, 1980). 

General c h a r a c t e r i z a t i o n  of  compounds l i k e l y  t o  be  p e r s i s t e n t  i n  groundwater 

Based on t h e  above c o n s i d e r a t i o n s  it i s  l i k e l y  t h a t  the water s o l u b i l i t y  of  a com- 

pound is a major f a c t o r  c o n t r o l l i n g  i t s  p o t e n t i a l  persistence i n  groundwater as i n  

many s i t u a t i o n s  of  s o i l  contaminat ion t h e  evapora t ion  of  a compound can be neglected.  

Contaminated groundwater w i l l  g e n e r a l l y  be  anaerobic .  The d i s s o l v e d  compounds no t  

c o n t a i n i n g  oxygen i n  t h e  molecule ,  are m o s t  l i k e l y  t o  escape b i o l o g i c a l  degradat ion.  

P e r s i s t e n t  subs t ances  i n  groundwater g e n e r a l l y  are n o t  r e a l l y  hydrophyl ic ,  such as 

oxygen con ta in ing  subs t ances ,  which would make them s u i t a b l e  f o r  b i o l o g i c a l  breakdown, 

nor  very hydrophobic,  which would make them t o  adsorb s t r o n g l y  on t h e  s o l i d  phase i n  
t h e  s o i l .  S u r p r i s i n g l y  t h e s e  c r i t e r i a  l eave  s u b s t a n c e s ,  l i k e  lower alkylbenzenes and 

halogenated a lkanes ,  which are g e n e r a l l y  regarded as e a s i l y  removable due t o  t h e i r  

o x i d i z a b i l i t y  or v o l a t i l i t y ,  a s  t h e  ones wi th  t h e  b e s t  c a p a b i l i t y  t o  create problems 

i n  groundwater.  

VERIFICATION OF THE ROLE OF WATER SOLUBILITY I N  CONTROLLING THE POTENTIRZ, PERSISTENCE 

OF CONTAMINP.NTS I N  GROUNDWATER 

S o l u b i l i t y  and occurrence i n  groundwater 

suppose t h a t  concen t r a t ions  of  subs t ances  below 1 mic rogram/ l i t r e  a r e  of no h e a l t h  

concern and a r e  also s a f e  from an environmental  p o i n t  of view. I n  t h i s  ca se  a l l  sub- 

stances w i t h  a s o l u b i l i t y  of  less than 1 p g / l  a r e  n o t  dangerous wi th  r e s p e c t  t o  ground 

groundwater contaminat ion.  I t  i s  of  i n t e r e s t  t o  see how many compounds meet t h i s  cr i -  

t e r i o n .  I n  F igu re  2 t hose  compounds a r e  p re sen ted  which a r e  l i s t e d  i n  Appendix 1 and 

f o r  which d a t a  on t h e  s o l u b i l i t y  (Verschueren, 1977) and t h e  octanol-water  p a r t i t i o n  

c o e f f i c i e n t  K (Hansch, Leo, 1979) were a v a i l a b l e  o r  could be e s t ima ted .  Figure 2 

shows t h a t  excep t  f o r  a subs t ance  l i k e  benzopyrene a l l  compounds normally found 

have s o l u b i l i t i e s  i n  wa te r  f a r  above t h e  value of 1 !.ig/l. 

o w  

Furthermore,  it was of  i n t e r e s t  to  v e r i f y  t o  what e x t e n t  t h e  h i g h e s t  concen t r a t ions  

d e t e c t e d  approached t h e  s o l u b i l i t y  va lue .  A s  f i q u r e  3 shows f o r  t h e  hydrocarbons the 

h i g h e s t  c o n c e n t r a t i o n  e q u a l s  t h e  s o l u b i l i t y  value f o r  benzopyrene and f luoranthene.  

However, t he  c o n c e n t r a t i o n s  of benzene, t o luene  and xylenes could t h e o r e t i c a l l y  reach 

much h i g h e r  va lues  than  those r e g i s t e r e d u p  till now. Maximum l e v e l s  of  t he  hydrocar- 
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bons f r e q u e n l t y  d e t e c t e d  i n  contaminated groundwater g e n e r a l l y  are 1-2 o r d e r s  of  mag- 

n i t u d e  below t h e  s a t u r a t i o n  concen t r a t ion .  For halogenated hydrocarbons t h e  h i g h e s t  

concen t r a t ions  d e t e c t e d  are mostly 2-3  o r d e r s  of  magnitude below t h e  s a t u r a t i o n  con- 

c e n t r a t i o n  (see Figure 4 ) .  AS Figure 5 shows t h e  more biodegradable  oxygen con ta in ing  

compounds a r e  mostly found a t  maximum c o n c e n t r a t i o n s  3-4 o r d e r s  of  magnitude below t h e  

s a t u r a t i o n  concen t r a t ion .  These d a t a  i n d i c a t e  t h a t  t h e  degree o f  contaminat ion a l r e a d y  

desc r ibed  f o r  hydrocarbons and halogenated hydrocarbons can become even worse as f a r  

as t h e  water s o l u b i l i t y  of  t h e s e  compounds is  concerned. 

S o l u b i l i t y  and adso rp t ion  on s o i l  

A s  d i scussed  above, water  s o l u b i l i t y  is  c l o s e l y  r e l a t e d  t o  the  s o r p t i o n  behaviour  

of  an o rgan ic  compound and i n  t h i s  way a lso t o  t h e  p e r s i s t e n c e  of  compounds d i f f i c u l t  

t o  degrade. Formula (5)  shows a s t r i k i n g  s i m p l i c i t y ,  b u t  h a s  been mainly d e r i v e d  from 

water-sediment d a t a .  Therefore  t h e  q u e s t i o n  was examinated i f  t h i s  r e l a t i o n s h i D  ho lds  

f o r  t he  circumstances p r e v a i l i n g  i n  a contaminated s o i l  environment.  Data on t h e  

presence of  hydrocarbons i n  t w o  h e a v i l y  contaminated soils i n  Lekkerkerk and Uithoorn 

were compared with t h e  r e l a t i o n s h i p  given by formula ( 5 )  o f  Smith and Bomberger (1980) .  

The outcome of  this e x e r c i s e  is  p resen ted  i n  Figure 6 where a l so  t h e  c a l c u l a t e d  va lues  

f o r  t h e  r a t i o  C 

The two va lues  p re sen ted  were c a l c u l a t e d  from formula ( 4 )  by us ing  t h e  s o l u b i l i t y  

d a t a  f o r  both compounds given by May e t  a l .  (1978) and the  K d a t a  p r e s e n t e d  by Zepp 

(1980) .  As Figure 6 shows, t he  r a t i o s  found under f i e l d  c o n d i t i o n s  show a good corre- 

l a t i o n  with those p r e d i c t e d  from the  s o l u b i l i t y  d a t a .  

S o l u b i l i t y  and p e r s i s t e n c e  i n  groundwater 

: Csoil f o r  two compounds naphthalenes and benzopyrene, a r e  shown. water 

ow 

Would i t  n o t  be i d e a l  i f  not  only adso rp t ion  behaviour  b u t  a l s o  p e r s i s t e n c e  i n  

the  f o r m  of t h e  h a l f  l i f e  of a compound i n  groundwater could be p r e d i c t e d  i n  a given 

geohydrological  s i t u a t i o n  from a s imple c h a r a c t e r i s t i c  such as s o l u b i l i t y ?  

To exp lo re  t h i s  p o s s i b i l i t y  i n  more d e t a i l  it i s  necessa ry  t o  o b t a i n  h a l f  l i f e  

values  f o r  chemicals i n  groundwater.  An e s t i m a t i o n  of h a l f  l i f e s  was d e r i v e d  from 

d e t a i l e d  a n a l y t i c a l  d a t a  r e l a t i n g  t o  a number o f  sampling p o i n t s  downstream of  t h e  

s o l i d  w a s t e  t i p  a t  Noordwijk (Morra e t  a l . ,  1979) .  The i n t e r p r e t a t i o n  of  t h e  d a t a  

is  somewhat s p e c u l a t i v e  a s  t he  w a t e r  sampled may no t  have followed t h e  same stream- 

l i n e s .  Furthermore,  t h e  flow of l e a c h a t e  underneath t h e  waste dump i s  r a t h e r  complex. 

Dispersion has  been e s t ima ted  from va lues  f o r  conse rva t ive  water c o n s t i t u e n t s .  

F i n a l l y  the  composition of t he  s o i l  i s  probably n o t  homogeneous which makes t h a t  t h e  

c a l c u l a t i o n  of  t he  h a l f  l i f e  is  on ly  a rough e s t i m a t e .  

A summary o f  t he  r e l e v a n t  d a t a  is  g iven  i n  Table 3 .  I n  gene ra l  i t  i s  e v i d e n t  from 

t h i s  t a b l e  t h a t  t h e  h a l f  l i f e s  o f  many oxygen con ta in ing  compounds a r e  about  10 t i m e s  

lower than those of the  (halogenated)  hydrocarbons.  A s t r i k i n g  example i n  t h i s  r e s p e c t  

i s  cyclohexanon. Indane i s  a very s t a b l e  compound wi th  an e s t ima ted  h a l f  l i f e  of 
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1 year. 

Compounds w i t h  very long h a l f  l i f e s  of many years  w i l l  general ly  not be found i n  

groundwater as that  type of substances has  a s t rong  tendency t o  adsorb on the  s o l i d  

phase. Based on the  d a t a  of Table 4, b u t  excluding t h e  oxygen containing substances 

which are decomposed or even formed i n  t h e  s o i l ,  the  r e l a t i o n s h i p  between ha l f  l i f e  

and s o l u b i l i t y  resp.  KO, w a s  s tud ied .  A s  Figure 7 shows a r e l a t i o n s h i p  between half  

l i f e  and KO, seems indeed to  be present  f o r  these non-biodegradable compounds. 

Table 3 

Estimated ha l f  l i f e s  of  organic  chemicals detected i n  percola te  of the waste t i p  a t  

Noordwi jk. 

Sampling loca t ion  code 149-3 149-4 145-11 146-11 Estimated half  l i f e  
Depth of sampling poin t  (m) 8 39 33 33 (years)  * 
Travel d i s tance  (rn) 0 30 100 130 
Estimated t r a v e l  t i m e  (years)  0 1 ' 6  10 

Compound Concentration (ug/ l )  

c6-ClO Alkanes 
Benzene 
Toluene 
m/p-xylene 
o-Xylene 
Ethylbenzene 
C3 -Be nze ne s 
Indane 
Naphthalene 
Biphenyl 
C2-Naph thalene 
Chlorobenzene 
Dich lorobenzenes 
Trichlorobenzenes 
Cresols 
Methylcresols 
Cyclohexanon 
Fenchone 
Camphor 
Ace tophenon 
Phenylisocyanate 
Butylbenzoate 
Tri-isobutylphosphate 
Diphenylether 

0.3 
100 
300 
300 
300 
300 
300 
10 
30 
3 
0.3 
3 
3 
0.1 
10 
30 
30 
100 
1000 
10 
10 
3 
10 
0.1 

4.01 
30 
100 
300 
100 
100 
100 

3 
30 
0.3 
0.3 
3 
1 

<0.01 
<0.1 
30 
0.1 

100 
100 
<0.1 
3 
<0.1 
10 
0.01 

<0.01 
0.3 
0.3 
0.3 
0.1 
0.3 
1 
1 
0.3 

<0.03 
<0.03 
<0.01 
0.01 

<0.01 
<o. 1 
1 
0.1 
1 
10 
<o. 1 
<0.1 
<o. 1 
<0.1 
<0.01 

<0.01 
1 
0.3 
0.3 
0.1 
0.3 
3 
1 
0.3 
<0.03 
<O .03 
<0.01 
0.03 

co.01 
<o . 1 
0.3 

<0.1 
1 
3 

<0.1 
co.1 
<0.1 
co.1 
<0.01 

c0.01 
0.3 
0.1 
0.1 
0.03 
0.1 
0.1 
1 
0.3 
0.1 
0.1 
0.1 
0.3 
0.03 
0.01 
0.3 
0.003 
0.3 
0.1 
0.01 
0.1 
0.01 
0.1 
0.03 

* Assuming a f i r s t  o rder  reduction process  
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Table 4 

Compounds of major concern due t o  t h e i r  use t r a n s p o r t a b i l i t y  and pers i s tence  observed 
i n  the  groundwater i n  The Netherlands 

- 

Name Highest concen- Estimated h a l f  
t r a t i o n  de tec ted  l i f e  * 
( d l )  (years) 

Hydrocarbons 

Benzene 
Toluene 
Xylenes 
Ethylbenzene 
C3 Benzenes 
Naphthalenes 

100 
300 
600 
300 
300 
30 

1 
0.3 
0.3 
0.3 
0.6 
0.6 

Ketones 

Camphor 
Fenchone 

1000 
100 

0.3 
0.6 

Halogenated hydrocarbons 

Dichlorome thane 3000 10 
Trichloroethylene 1000 2 
l.l .l .-Trichloroethane 3000 1 
D i  chlorobenze ne 10 1 

* based on adsorption behaviour underneath the  Noordwijk waste dump 

FINAL CONSIDERATIONS 

In  our opinion the  main lesson t o  be learned from the  numerous cases of 'acciden- 

t a l '  soi l  pol lu t ion  and continuous groundwater contamination i s  t h a t  o f t e n  substances 

a r e  involved which were up till recent ly  considered t o  be r a t h e r  harmless and u n i m -  

por tan t  because of t h e i r  high v o l a t i l i t y ,  good w a t e r  s o l u b i l i t y  and rap id  biodegrada- 

b i l i t y  under aerobic  circumstances. I t  has  been shown i n  t h i s  paper ,  however, t h a t  

among the  hundred o r  more compounds regular ly  found i n  contaminated groundwater, it 

a r e  the r e l a t i v e l y  low molecular and o f t e n  well-known chemicals which c r e a t e  the 

g r e a t e s t  problems. 

The reason for t h i s  s t r i k i n g  f a c t  i s  t h a t  v o l a t i l i z a t i o n  nor oxydative transforma- 

t i o n  a f f e c t  chemicals present  i n  anaerobic groundwater. A f u r t h e r  lesson from the  in-  

c idents  i s  t h a t  water s o l u b i l i t y  i s  a major parameter determining the  occurrence i n  

groundwater of f requent ly  used chemicals and c o n t r o l l i n g  t o  a la rge  e x t e n t  the per- 

s i s t e n c e  i n  groundwater of t h e  non-degradable contaminants. 

Based on these experiences a l i s t  has been der ived of compounds of major concern 

due t o  t h e i r  widespread in t roduct ion  i n t o  t h e  s o i l ,  their t r a n s p o r t a b i l i t y  and t h e i r  

pers i s tence  i n  groundwater i n  The Netherlands (Table 4 ) .  Besides the group of lower 

aromatic hydrocarbons and lower halogenated alkanes,  -alkenes and -benzenes, oxygena- 
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ted compounds such as camphor and fenchone, detected in percolate of domestic waste 

tips, were also found to be rather persistent. 

Based on the recently obtained possibilities for assessing the exposure of organisms 

to groundwater contaminants, it is recommended that more attention should be given to 

the biological effects of these and similar chemicals. 
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APPENDIX 1 

Compilation of organic substances detected In contaminated ground wate2s in 

The Netherlands (concentrations in micrograms/litre) 

Name 

HYDROCARBONS 

1. Cyclohexane 
2. C 1-Cyclohexane 
3 .  C2-Cyclohexane 
4. C3-Cyclohexane 
5. Cq-Cyclohexane 
6. C6-Alkanes 
7. C7-Alkanes 
8. C8-Alkanes 
9. Cg-Alkanes 
10. (210-Alkanes 
11. Benzene 
12. Toluene 
13. Xylenes 
14. Ethylbenzene 
15. C3-benzenes 
16. Cq-benzenes 
17. C5-benzenes 
18. Cg-benZeneS 
19. Styrene 
20. Limonene 
21. Indane 
22. Methylindane 
23. Dimethylindane 
24. Naphthalene 
25. Methylnaphthalene 
26. Acenaphthene 
27. Biphenyl 
28. Methylbiphenyl 
29. Fluorene 
30. Fluoranthene 
31. 3,4-Benzopyrene 
32. 3,4-Benzofluoranthene 
33. 11,12-Benzofluoranthene 
34. 1,12-Benzoperylene 
35. Indenopyrene 

COMPOUNDS CONTAINING OXYGEN 

36. Diethyleneglycol 
37. Cyclohexanol 
38. Phenolpropanol 
39. Methylphenol 
40. C2-phenol 
4 1. C3-phenol 
42. Cq-phenol 
43. Cg-phenol 
44. Phenylphenol 
45. 2,4-Di-sec.butylphenol 

Highest Name 
conc. 

30 
1 
1 
3 
0.1 
10 
40 
10 
10 
10 
100 
300 
1000 
300 
300 
30 
10 

10 
10 
10 
10 
1 

30 
10 
3 
3 
0.3 
0.03 
10 
1 
3 
3 
1 
I 

0.3 

3 
1 

100 
10 
30 
30 
100 

3 
3 
1 

46. Methylnaphtol 
47. cis-Menthol 
48. Dimethylbenzaldehyde 
49. Cinnamaldehyde 
50. Cyclohexanon 
51. Di-isobutylketon 
52. Octanon-3 
53. Acetophenon 
54. 1-Indanon 
55. Conmarin 
56. Trimethylcyclohexanon 
57. Isophoron 
58. Camphor 
59. Fenchone 
60. Benzophenon 
61. 2,6-Di-tert.Butylbenzo- 

quinon 
62. Dlmedon 
63. 1,1-Dibutoxyisobutane 
64. Dibutylether 
65. Dipentylether 
66. Diphenylether 
67. Butylacetate 
68. Butylbenzoate 
69. Diethylphthalate 
70. Tetrahydrofuran 
71. Dibenzofuran 
72. Trimethyl-penta-diol- 

di-isobutyra te 

COMPOUNDS CONTAINING HALOGEN 

73. Dichloromethane 
74. Bromochloromethane 
75. Trichloromethane 
76. Bromodichloromethane 
77. Dibromchloromethane 
78. Tribromomethane 
79. Tetrachloromethane 
80. 1,l-Dichloroethylene 
8 1 . 1,l-Dichl oroethane 
82.  1,2-Dichloroethane 
83. l,l,l-Trichloroethane 
84. Trichloroethylene 
85. Tribromoethylene 
86. Tetrachloroethylene 
87. Bromocyclohexane 
88. Chlorobenzene 

Highest 
conc . 

3 
1 
1 
0.3 
30 
0.3 
0.3 
10 
3 
3 
30 
10 

1000 
100 
0.03 

0.3 
3 
10 
1 
1 
1 
1 
3 
0.3 
3 
0.3 

1000 

3000 
8 
10 
0.3 
0.3 
4 
30 
10 
10 
3 

3000 
1000 
100 
30 
10 

3 
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Name Highest Name 
conc. 

Highest 
conc. 

90. Dichlorobenzenes 
91. Trichlorobenzenes 
92. Chlorocresols 
93. 2.3.6.-Trichlorephenol 
94. 2.4.5.-Trichlorophenol 
95. 2.3.4.-Tetrachlorophenol 
96. 2.3.5.6.-Tetrachlorophenol 
97. Pentachlorophenol 

COMPOUNDS CONTAINING NITROGEN 

98. Phenylisocyanate 
99. Diphenylamine 

quinoline 
100. 2.2.4-Trimethyl-6-etoxy- 

COMPOONDS CONTAINING SULPHUR 

101. 2-Hydroxybenzothiazol 
102. 2.3-Benzothiophene 

3 103. 
1 

10 104. 
1 105. 
2 106. 
3 107. 
5 108. 
1 109. 

5-Methyl-,2.3-benzothio- 
phene 30 
4-Thi ahep tane 1 
Methylpropyldisulphide 0.1 
Methylisobutyldisulphide 0.1 
Efhylisobutyldisulphide 0.1 
Dipropyldisulphide 1 
Butylpropyldisulphide 0.1 

MISCELLANEOUS COMPOUNDS 

10 110. Tri-ethylphosphate 0.1 
3 111. Tri-butylphosphate 0.3 

112. Tri-isobutylphosphate 10 
0 . 3  113. N-n-butylsulfonamide 3 

30 
100 

RATIO 4.0 
- 1  

t 

- 1.0 

0 - 
1950 I 1960 I 1970 I 1980 

YEAR - 
Average increase / 10 years Average concentration 

1950 1980 
Total hardness 10% 16.7 21.3 
Sulphate 25% 64.2 116.4 
Chloride 3 5 %  23.2 47.0 
Nitrate 65 % 13.8 49.8 

Figure 1. Water quality changes at the pumpinq station Guttecoven (well's 1,2,3,5 
and 8 )  (W.P. van der Ende, 1980) 
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Figure 2. Re la t ionsh ip  
between loq s o l u b i l i t y  and 
l o g  KO, of groundwater 
contaminants a t  T % 2 O 0  C. 

Figure 3 .  Highest con- 
c e n t r a t i o n s  of hydrocarbons 
d e t e c t e d  i n  contaminated 
concerned groundwater and 
t h e  s o l u b i l i t y  a t  t h e  
chemicals  

Figure 4 .  Highest  con- 
c e n t r a t i o n s  of halogenated 
hydrocarbons d e t e c t e d  i n  
contaminated groundwater 
and t h e  s o l u b i l i t y  of the  
chemicals concerned 
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'"i:" I 

Figure  5. Highest  con- 
c e n t r a t i o n s  of oxygen con- 
t a i n i n g  compounds d e t e c t e d  
i n  contaminated groundwater 
and t n e  s o l u b i l i t y  of t h e  
chemicals  concerned 

Ficjure 6 .  Re la t ionsh ip  
between t h e  p r e d i c t e d  Cwater:  
C s o i l  r a t i o ' s  and t h e  
Cw:Cs r a t i o ' s  f o r  hydro- 
carbons d e t e c t e d  i n  Lekker- 
k e r k  and Uithoorn 

Figure 7 .  Half l i f e s  of 
non-deqradable compounds i n  
p e r c o l a t e  of t h e  Noordwijk 
d a s t e  t i p  a s  a func t ion  of 
109 KOW 




